This study aimed to determine the influence of flooding frequency on the species composition and distribution of riparian woodland vegetation in the Okavango Delta. Sampling was done in 20m × 50m plots in the Panhandle, Seronga, Jao, Moremi and Boro. Plant cover, seedling density, species richness and diversity were determined at each site. Plant cover was estimated using the modified Braun-Blanquet cover/abundance scale. Annual flooding frequency was also determined at each site. Plant species fell into two assemblages occurring at each site. There was spatial variation in mean cover, density, species diversity and richness in the Okavango Delta. ANOVA followed by Tukey post hoc analysis showed that in Seronga mean seedling density was significantly higher than in Boro and Moremi. In the Panhandle, seedling density was higher (p<0.05) than in Boro while in Jao it was higher (p<0.05) than in Moremi. Species richness was higher (p<0.05) in Seronga, Jao and Panhandle than in Moremi. Species diversity was higher (p<0.05) in Boro, Jao, Panhandle and Seronga than in Moremi. This study has shown that there is a potential to use riparian vegetation to reconstruct historical hydrological gradients
Introduction
Flooding frequency is one of the major environmental factors influencing riparian woodland plant community distribution and species composition in wetland ecosystems [1, 2, 3] . It influences the soil moisture content which affects germination and growth in riparian woodland vegetation communities [4] . Due to variation in flooding frequency plant diversity is highly variable [2] . Plant species establish in flooding frequency regimes to which they are adapted with those that are tolerant of similar conditions forming a vegetation community [2] . Moist riparian zones closer to the river channel, with high flooding frequency are dominated by vascular plants tolerant of flooding while more elevated regions, with lower flooding frequency, are inhabited by plant species less tolerant of flooding [2, 5] . Changes in flooding frequency may result in mortality/stress in riparian plant species. Species that are subjected to high flooding frequency die creating gaps for the establishment of flood tolerant ones [6] . Conversely, in dry riparian zones (low flooding frequency) high flooding frequency tolerant species die and are replaced by species tolerant of dry conditions [7] . In addition to influencing species composition and distribution, flooding frequency may also affect species diversity of the riparian woodland plant communities. The riparian plant communities are often characterized by high species diversity [8] which may result from flooding frequency variation. This can be explained in part by the Intermediate Disturbance Hypothesis [9] , which predicts that species diversity will be high in habitats experiencing intermediate disturbance levels and low in regions that are exposed to low and high disturbance regimes [10] . In terms of flooding frequency, this means that we might expect riparian zones that experience intermediate flooding frequency levels to have high species diversity as compared to those that are subjected to low and high frequencies. This is because at intermediate disturbance levels, both pioneer and dominant species co-exist [9] . That is, plant species tolerant of intermediate flooding frequency and those that tolerate low and high frequency will co-exist resulting in high species diversity. In contrast, highly disturbed habitats (either due to low or high flooding frequency) and their associated stress prevent the recovery and reestablishment of vegetation [11] . Stress in this case is defined as the external environmental constraints limiting primary production in vegetation, which could include shortage or excessive supply of sunlight, water and mineral nutrients, and production of growth inhibiting toxins [11] . In terms of flooding, high frequency results in very frequent anoxic conditions which may inhibit primary production and seed germination [1] . Low flooding frequency can also inhibit primary production and seed germination due to water stress. In the Okavango Delta, the riparian woodland has been identified as a significant driver of the ecologically vital process of sequestration of dissolved salts through evapotranspiration [12] . As the water is lost to the atmosphere through evapo-transpiration, dissolved solutes (e.g. Ca2+ and Na+) accumulate under islands with a density-driven accumulation of toxic solutes in deep groundwater under island centres [12] . This helps to maintain the surface floodplains, channels and lagoons as a freshwater system [13] . Despite its positive contribution to the ecological functioning of the Delta, the riparian woodland is threatened by potential degradation due to climate change/variability [14] which may lead to biodiversity loss. Other threats include potential large scale water abstraction and damming in the upstream regions of the Okavango basin which may reduce the amount of water delivered to the distal reaches, including the Delta in Botswana [15] . Historically, there have been proposals from the three riparian states (Angola, Namibia and Botswana) to abstract water from the Okavango basin [16] . Even though these proposals were never implemented, they may resurface in the future as a result of progressively developing regional water shortages and human population growth coupled with industrialization in these countries. Recently, it was reported that the Angolan Government has granted their Chinese counterparts 10 000ha of land along the Cubango area to be used for large scale production of rice [17] which may result in large abstractions of river water. If this is implemented, it may also exacerbate the threat from climate change on the riparian plant communities. In order to conserve riparian vegetation resources in the face of these threats, we need to understand how flooding frequency affects these resources. However, information on the influence of flooding frequency on riparian plant species is generally lacking in the Okavango Delta. Past studies in the Delta [18, 19, 20, 21, 22, 23, 24] were mainly focused on seasonal floodplain herbaceous plant communities. This is in contrast with abundant studies elsewhere [25, 26, 27, 28, 7] that have investigated the influence of flooding frequency on riparian woodland plant community composition and distribution. The current study aims at investigating the influence of flooding frequency on riparian woodland plant community composition and distribution in the Okavango Delta. It was hypothesized that riparian woodland plant species composition, distribution, abundance, density and diversity will vary across different flooding frequency regimes. Information on the influence of flooding frequency on riparian woodland plant species composition and distribution may be used to reconstruct flooding histories of areas where little is known about their hydrology in the Okavango Delta. This may also be applicable in other tropical wetlands whose hydrologic behaviour is similar to that of the Okavango Delta. This study was conducted in the Okavango Delta ( Figure  1) The hydrology of the Okavango Delta is characterized by annual flood pulses originating from the Angolan highlands, the peak flows of which generally pass the Mohembo inlet region between March and April, reaching the distal region between May and October [29] . The flood extent in the Delta shows intra and inter-annual variations [30] . Intra-annual flood variation refers to the quasi-regular changes in flooding magnitude in terms of duration and depth within a given year (the flood pulse) [31] . Inter-annual flood variation is characterized by differences in flooding magnitude between two or more years. The Okavango Delta inflows also vary pluriannually in which there are sequences of years with higher or lower inflows than average [32] . During the period of record (1933-present), inflows rose to reach a maximum between 1963 and 1969. Subsequently inflows declined to a minimum in 1995-1996 [31] , rising again to a possible recent maximum in 2010-2011. The Okavango Delta receives mean annual rainfall (between November and February) of approximately 550mm [33] . The study sites were purposively selected to represent sites of different flooding frequency. These sites were Panhandle, Seronga, Jao, Moremi and Boro (Table 1) . Flooding frequency was determined from pre-classified Landsat images from 1989 to 2007. 
Materials and Methods

Description of the Study Area
Vegetation Sampling
Woodland vegetation was sampled from 20m × 50m randomly located plots placed perpendicular to the river channel. The sampling plots were identified in Google Earth image and coded in numbers. To select the plots to sample from, the codes of plots were subjected to random number selection in excel. The selected plots were then geo-located in the field using a GPS. The number of plots sampled differed at each site ( 93 plots were sampled. In each plot, woody plant species were recorded, percentage cover estimated using the modified Braun-Blanquet cover/abundance scale, diameter at breast height measured and height estimated. Specimens of unknown plant species were collected and taken to the Peter Smith University of Botswana Herbarium (PSUB) for identification.
Data Analysis
Agglomerative hierarchical cluster analysis (flexible β linkage, β = -0.25, Sorensen distance, data relativized by maximum) was used to determine plant communities at each site [34] . Indicator species analysis (ISA) [35] was used to determine the characteristic species from each site. Species with the highest indicator value was regarded as a typical indicator of prevailing flooding frequency for its site [35] . Nonmetric multi-dimensional scaling (NMS) [36, 37] was used to infer site relationships as influenced by flooding frequency. Sorensen distance, random starting configuration, 200 maximum iterations and 2-dimensions were selected with final stress of 20. Shannon species diversity index and richness were determined at each site. The diversity was calculated as; ∑ where H' is Shannon diversity index, S is the total number of species in the community, p is the proportion of S made up of ith species [38] . Mean basal area and height were also determined for each site. Basal area (BA) was calculated as; BA (m 2 ) = π(dbh/2) 2 [39] where π = 3.14 and dbh is the diameter of the tree trunk at breast height. Then basal area m 2 /hectare at each distance class was calculated as:
. In this case the sum of the basal area of each tree at each distance class was divided by 0.1 which is a conversion factor of (1 000m 2 / 10 000m 2 ). That is, 1 000m 2 is the total area of the plot used in this study (20m × 50m) while 10 000m 2 is the total area of a hectare in m 2 . The vegetation data were tested for normality and homogeneity of variance tests using Kolmogorov-Smirnov and Levene's test respectively. One-way ANOVA and Tukey post hoc were used to compare mean species diversity, richness, height and basal area across sites since the data met the normality and homogeneity of variance assumptions.
Results and Discussion
In terms of flooding frequency, the Okavango Delta woodlands can be grouped into 10 assemblages, with two assemblages occurring at each site. This indicates a wide spatial variation of tree species across the riparian woodland (Table 2) . Non-metric multidimensional scaling also showed distinction of riparian plant communities along flooding frequency gradient (Figure 2 ). There was spatial variation in mean cover, density, species diversity and richness in the Okavango Delta. Riparian woodland plant community composition varies with flooding frequency in the Okavango Delta. The riparian woody plant species inhabited flooding frequency gradients according to their specific water requirements with those that require more water colonizing sites of high flooding frequency while those that require less water occupying low flooding frequency sites. Species with similar adaptations co-exist along the flooding frequency continuum [40] . In the Boro system which was characterized by low flooding frequency, the indicator species were Hyphaene petersiana and Combretum hereroense, which are tolerant of saline groundwater [41] and deep groundwater table [42] respectively, Sclerocarya birrea and Vachellia tortilis tolerant of dryland conditions [43] while Garcinia livingstonei is intolerant of high groundwater salinity [41] . The co-occurrence of these species shows that there were microsites of both fresh and saline ground water along Boro. Saline groundwater is caused by evapo-transpirative concentration of solutes by riparian vegetation [29] . Woodland plant species fringing islands such as Croton megalobotrys, Philenoptera violacea and H. petersiana lose water through evapotranspiration which makes groundwater table under the islands low and saline as a result of accumulation of solutes of Ca, Mg and Na [43] . As a result of the low groundwater table, water continuously permeates laterally from the swamp to underneath the islands [43] .
Depth to groundwater and salinity levels in the islands control plant species distribution with species colonizing sites with salinity and water level gradients within their tolerance limits [41] . That is, fringes of the islands with relatively shallow groundwater depth and low salinity levels are colonized by tree species such as D. mespiliformis, G. livingstonei and F. sycomorus while the interior zones, where groundwater levels were relatively low, were colonized by deciduous trees such as S. nigrescens and P. violacea and the more interior regions were colonized by H. petersiana [41] . The distribution of tree species in the Delta may also be a product of flooding frequency variation. The presence of plant species tolerant of dryland conditions in Boro such as V. tortilis, S. birrea and S. nigrescens indicates that the Delta also experiences dry conditions. This occurs in both short term which is characterized by intra-annual flood pulsing and long term defined by inter-annual flood variation in which some years receive comparatively low flooding [31] resulting in high groundwater table and the establishment of dry land species. In Lake Ngami, which floods from the Okavango Delta, it was also found that dry land species established in elevated regions that were characterized by high groundwater table due to multi-decadal flood variation in which there were some dry years [44] .
In Moremi which also had low flooding frequency, the characteristic species were Hyphaene petersiana which is tolerant of brackish groundwater [41] , Gymnosporia senegalensis and Terminalia sericea tolerant of dryland conditions [42] and Z. mucronata tolerant of fresh groundwater [45] . The sites in Moremi are occasionally flooded which provide a window of opportunity for colonization by species tolerant of dryland conditions which are able to access deep groundwater resources. Indicator species in the Panhandle and Jao were a mixture of species that are tolerant of both shallow and deep groundwater table. Species that are tolerant to shallow groundwater table in the Panhandle and Jao include Phoenix reclinata, Syzygium cordatum, Diospyros lycioides and Ficus sycomorus. These species are also tolerant of low saline groundwater conditions [41] . Species that are tolerant to deep groundwater include S. nigrescens, Ximenia americana and Philenoptera violacea. In our study the presence of species tolerant of deeper groundwater in the frequently flooded sites (Panhandle and Jao) shows that there is within/intra site flooding variation. It may also be an indication of multidecadal flooding variation which suggests that there were long periods of drying in the Panhandle and Jao in the past which promoted the colonization by dry land species.
Historical records show that there was channel blockage which started in the 1880s to the 1920s in the Panhandle and Jao regions [20] which may have contributed to drying and establishment of dryland tolerant species in these sites. The results of this study also suggest that in the recent past with the increase in flooding frequency, deep groundwater tolerant species were replaced by flood tolerant ones. These species were limited to occasionally flooded regions within the water availability and flooding frequency continuum in both Jao and Panhandle. This is consistent with Ellery et al [41] who found that species tolerant of deep depth to groundwater occupy elevated regions which seldom receive floodwaters while those tolerant of shallow groundwater inhabit frequently flooded sites closer to surface water in the Okavango Delta. This is also in agreement with Lite et al. [46] who also found that riparian plant species were distributed along flooding frequency and water availability requirements in the San Pedro River in the U.S.A. They found that hydro-mesic species colonized sites closer to the river channel with high flooding frequency while xeric species occupied highly elevated regions with low flooding frequency. Species diversity and richness were highest in Jao (high flooding frequency area) and lowest in Moremi (low flooding frequency area). The high diversity in Jao and low diversity Moremi could be an indication of the prevailing disturbance levels. Biotic diversity is expected to be high in habitats experiencing moderate (intermediate) disturbance levels [10] . Disturbance regimes enable plant species to co-exist resulting in an increase in diversity [6, 10] . In this study, the high flooding frequency in Jao could act as an intermediate disturbance regime which enables high flood frequency tolerant species to co-exist with their flood intolerant counterparts. This is because new niches are opened up during the process of succession favouring both types of species [47] . However, it is expected that eventually with continuous flooding a new dominance order will emerge as a result of succession, where an intermediate community (sere) with species tolerant of high flooding frequency will dominate and some of the species tolerant to low flooding frequency will be eliminated, leading to an overall reduction in diversity and richness. This is supported by Lite et al [46] who found that xeric and pioneer hydro-mesic species were more abundant in low and high flooding frequency sites, respectively. In Moremi, the low species diversity and richness could be an indication that low flooding frequency favours the establishment of species tolerant of dry conditions only with the hydro-mesic species excluded. The frequently flooded sites of the Panhandle, Jao and Seronga have high tree density while the lower flooding frequency regions (Moremi and Boro) showed low woodland density. The characteristic species at the frequently flooded sites was Phoenix reclinata which grows in clusters of individuals contributing to high density. With water not a limiting resource in these sites, the woodland individuals can afford to grow in high density due to low water stress. Conversely, in the intermittently flooded and low flooding frequency regions water is a limiting factor which leads to relatively low woodland density. This is supported by the findings of Ferreira and Stohlgren, [3] in the Amazon where they found high tree species density in habitats experiencing prolonged flooding duration.
Conclusion
This study has shown that there was spatial variation in riparian plant community composition and distribution along a flooding frequency continuum. The composition and distribution of riparian woodland species can be used as an indicator of the flooding frequency in the Okavango Delta. This can be important especially in reconstructing flooding histories of areas where little is known about their past hydrology. Monitoring plots across different hydrologic sites can be established and assessed for any changes that have occurred in terms of plant community composition, distribution, cover, diversity and density. Any changes in these may give insights on the hydrologic status of the Okavango Delta. In the past there were efforts to use vegetation as bio-indicators of hydrologic status in the Okavango Delta. However, that has been limited to seasonal floodplain plant communities which only respond to short term changes in hydro-period. Woodland vegetation could be vital in monitoring hydrological changes in the long term. The study also suggested that any changes in the hydrological input to the Okavango Delta in terms of quantity and timing will disturb riparian plant community composition and distribution. Such changes could result from climate change, upstream dam construction and large scale irrigation schemes. It is therefore recommended that any planned activities which may affect the flooding frequency of the Okavango river basin be assessed carefully for the impacts they might have and designed to have the minimum impact possible. Therefore, it is important to keep the Okavango Delta in its hydrologic status which is characterized by flood pulsing in order to maintain its heterogeneous ecosystem.
